VINCENT J-L. Comparison of halothane, isoflurane, alfentanil, and ketamine in experimental septic shock. Anesth Analg 1990;70:608-17. The effects of four commonly used anesthetic agents, halothane, isoflurane, alfentanil, and ketamine, on cardiovascular function and oxygen balance were studied in a dog model of septic shock. After initial pentobarbital administration, the dogs were given Escherichia coli endotoxin (3 mgikg) and, after 30 min, fluids to restore cardiacfilling pressures to baseline levels. This resulted in a low resistance shock in all animals. Dogs were then given for 2 h either halothane (n = 9, 0.5 MAC), isoflurane (n = 9, 0.5 MAC), or alfentanil (n = 9, 150 pglkg IV plus 2 pg.kg-'.min-') or ketamine (n = 9, 2 mglkg IV plus 0.2 mg.kg-'.min-') or no anesthetic (control: n = 9). Mean arterial pressure increased in the control group (+I1 k 18 mm Hg) and with ketamine ( + l o t 20 mm Hg), remained unclianged with isoflurane (-2 * 11 mm Hg), and decreased with halothane (-22 t 23 rnm Hg) and alfentanil (-9 t 23 mrn Hg). Heart rate tended to increase in the control group but decreased with the four anesthetic agents, especially with alfentanil and halothane. Cardiac index and left ventricular stroke work index increased in the control group and in each anesthetic group except the halothane group. Systemic vascular resistance decreased in all groups except in the ketamine group. In the control group, the increase in cardiac index was associated with significant increases in oxygen delivery and consumption, and with a significant decrease in blood lactate levels. There was a dramatic decrease in oxygen consumption in all anesthetic groups, whereas oxygen delivery failed to increase only with halothane. Blood lactate increased significantly with halothane (5.0 t 1.5 to 6.3 t 1.4 rnMIL) and isoflurane (4.8 t 1.1 to 5.3 * 1.2 mMIL), remained unchanged with alfentanil(4.5 k 1.5 and 4.6 t 0.8 mMIL), and tended to decrease with ketamine (4.9 k 1.4 to 4.5 * 1.4 mMIL). In conclusion, among the four anesthetic agents tested, halothane had the least desirable effects. Ketamine best preserved cardiovascular function and appeared to have the least deleterious effects on the hypoxic tissues. Thus, ketamine could be the anesthetic agent of choice in septic shock.
The effects of four commonly used anesthetic agents, halothane, isoflurane, alfentanil, and ketamine, on cardiovascular function and oxygen balance were studied in a dog model of septic shock. After initial pentobarbital administration, the dogs were given Escherichia coli endotoxin (3 mgikg) and, after 30 min, fluids to restore cardiacfilling pressures to baseline levels. This resulted in a low resistance shock in all animals. Dogs were then given for 2 h either halothane (n = 9, 0.5 MAC), isoflurane (n = 9, 0.5 MAC), or alfentanil (n = 9, 150 pglkg IV plus 2 pg.kg-'.min-') or ketamine (n = 9, 2 mglkg IV plus 0.2 mg.kg-'.min-') or no anesthetic (control: n = 9). Mean arterial pressure increased in the control group (+I1 k 18 mm Hg) and with ketamine ( + l o t 20 mm Hg), remained unclianged with isoflurane (-2 * 11 mm Hg), and decreased with halothane (-22 t 23 rnm Hg) and alfentanil (-9 t 23 mrn Hg). Heart rate tended to increase in the control group but decreased with the four anesthetic agents, especially with alfentanil and halothane. Cardiac index and left ventricular stroke work index increased in the control group and in each anesthetic group except the halothane group. Systemic vascular resistance decreased in all groups except in the ketamine group. In the control group, the increase in cardiac index was associated with significant increases in oxygen delivery and consumption, and with a significant decrease in blood lactate levels. There was a dramatic decrease in oxygen consumption in all anesthetic groups, whereas oxygen delivery failed to increase only with halothane. Blood lactate increased significantly with halothane (5.0 t 1.5 to 6.3 t 1.4 rnMIL) and isoflurane (4.8 t 1.1 to 5.3 * 1.2 mMIL), remained unchanged with alfentanil(4.5 k 1.5 and 4.6 t 0.8 mMIL), and tended to decrease with ketamine (4.9 k 1.4 to 4.5 * 1.4 mMIL). In conclusion, among the four anesthetic agents tested, halothane had the least desirable effects. Ketamine best preserved cardiovascular function and appeared to have the least deleterious effects on the hypoxic tissues. Thus, ketamine could be the anesthetic agent of choice in septic shock.
Key Words: ANESTHETICS, INTRAVENOUSalfentanil, ketamine. ANESTHETICS, VOLATILE-halothane, isoflurane. SHOCK, SEPTIC-IV and inhalation anesthetics. Septic shock is characterized by alterations of blood flow distribution associated with abnormal tissue oxygen extraction. Myocardial depression can also occur early in the course of septic shock, even when cardiac output is not depressed (1-3). In these conditions, oxygen consumption (Vo,) can become dependent on oxygen delivery (Do2) (4-6).
The early eradication of the septic focus producing septic shock is essential. This may require surgery under general anesthesia. The anesthetic agents used can have complex effects on both Do, and VO,. On the one hand, they can decrease Do, by depressing myocardial contractility and by altering vascular tone (7-13). On the other hand, they can diminish oxygen demand by reducing exogenous and endogenous stimuli. Abolishment of the work of breathing and decreased body temperature during anesthesia can contribute to reduction of oxygen requirements (14,15). However, anesthetic agents do not seem to decrease cellular metabolism below the physiologic range, and, therefore, they are not general metabolic depressants (16) .
Even in the absence of severe hemodynamic impairment, anesthesia can sometimes alter the balance between oxygen supply and oxygen demand. Blood lactate levels can increase, indicating the development of anaerobic metabolism that reflects tissue hypoxia (17-20). 1990;70:60617 Few data are available on the effects of anesthetic agents in septic shock. This information could, however, optimize the anesthetic management of the critically ill septic patient. To address this problem, we studied the effects of commonly used anesthetic agents using a canine septic shock model. In this model, endotoxin administration followed by fluid infusion in amounts determined to restore and maintain normal cardiac filling pressures results in a low-resistance type of shock, as in humans. This model has been found suitable for studying the effects of various therapeutic interventions (21) (22) (23) . We studied two inhalation anesthetics, halothane and isoflurane, and two intravenous agents, ketamine and alfentanil. To maintain the reproducibility of the experiments and to avoid exogenous sympathetic stimulation that can alter the cardiovascular effects of the anesthetic agents, no surgical procedure was undertaken (24) .
Methods
The study included 45 mongrel dogs (28.3 & 4.5 kg) intubated after receiving 25 mg/kg of intravenous pentobarbital and mechanically ventilated on control mode with air (Elema 900 8, Siemens, Solna, Sweden). Respiratory rate was set at 12 breathdmin, with tidal volume adjusted to maintain Paco, between 35 and 40 mm Hg.
Electrodes were attached to the four limbs for heart rate monitoring. A Swan-Ganz catheter (model 93A-131-7F, Edwards Laboratories, Santa Ana, Calif.) was inserted via a jugular vein into a pulmonary artery. Two other catheters (16G8, Becton, Dickinson, Rutherford, N.J.) were inserted, one into a femoral vein for infusion of fluids and drugs and one from a femoral artery into the distal aorta for monitoring of arterial pressure and for arterial blood sampling.
Heart rate, arterial pressure, and pulmonary artery pressure were continuously recorded (model 7404, Hewlett-Packard, Palo Alto, Calif.); the zero pressure level was set at the midchest level.
Shock Modef and Anesthetic Administration
After the initial baseline hemodynamic and gasometric evaluation, 3 mg/kg of Escherichia coli endotoxin (055B5, Difco Laboratories, Detroit, Mich.) were injected intravenously in 5 min. Dogs were then observed for 30 min before fluid resuscitation using 5% dextrose in 0.9% saline was started. Fluids were infused in amounts adequate to restore and maintain pulmonary artery balloon occluded pressure at the baseline level for the duration of the study. One hour after endotoxin administration, anesthesia was induced and maintained for 2 h. One hour after the end of anesthesia, the study was terminated and the dogs were killed.
The dogs were randomized in five groups of nine dogs each. The first group received an intravenous bolus of pentobarbital (1 mg.kgpl.h-'), as indicated to maintain controlled ventilation. This group with light barbiturate anesthesia was considered as a control group. Halothane and isoflurane were administered at the end-tidal concentrations of 0.5 MAC for the dog, i.e., 0.48% for halothane and 0.7% for isoflurane. This end-tidal concentration was monitored by an Emma gas monitor (Engstrom, Bromma, Sweden). Alfentanil was administered as a bolus dose of 150 pg/kg followed by a continuous infusion of 2 pg-kg-'.minp1. Ketamine was given as a bolus dose of 5 mgikg followed by a continuous infusion of 0.2 mgkg-l.min-'.
Body temperature was kept constant throughout the study using a warm blanket and humidified heated gases.
Hemodynamic, Gasometric, and Blood Lactate Measurements
Heart rate (HR) and intravascular pressures, including mean arterial pressure (AP), mean pulmonary artery pressure (PAP), right atrial pressure (RAP), and pulmonary artery balloon occluded pressure (PAOP) were measured at end-expiration from the paper trace. Cardiac output (CO) was measured by the thermodilution technique (computer 9520A, Edwards Laboratories) by repeated injections of 5 mL of iced (<3"C) 5% dextrose in water. Each injection was started at the end of inspiration. Three to five measurements, with a variability of less than lo%, were averaged for each cardiac output determination.
Immediately after measurement of cardiac output, arterial and mixed venous blood samples were drawn for immediate measurement of blood gas tensions (ABL 2, Radiometer, Copenhagen, Denmark). Hemoglobin saturation was calculated by Rossing and Cain's nomogram (25) . Lactate concentrations were measured enzymatically by an automated system (ACA, Du Pont Instruments, Wilmington, Del.).
Hernodynamic, gasometric, and blood lactate measurements were made before endotoxin administration (baseline), 30 min after endotoxin administration but before fluid resuscitation, 30 min after the initiation of fluid resuscitation (immediately before the administration of the anesthetic agent) (To), 60 min and 120 min after beginning the administration of the anesthetic (TG0 and TI,,), and 60 min after discontinuation of the anesthetic drug (TISO), In the control group the same timing for measurements was applied. Cardiac index (CI), stroke index (SI), left ventricular stroke work index (LVSWI), systemic vascular resistance (SVR), oxygen delivery index (DoZ), oxygen consumption index (Vo,), and oxygen extraction (0, extraction) were calculated by the following formulas:
where Cao, and Cvo, represent the oxygen contents of the arterial blood and the mixed venous blood, respectively.
Statistical Analysis
The similarity of the evolution of the hemodynamic data in all groups before administration of the anesthetic agent was tested by a multivariate analysis of variance for repeated measurements, using the different groups as the grouping factor.
Intragroup statistical analysis, comparing the data at To, TGo, TI,,, and TISO, was performed using Friedman two-way analysis of variance, followed by a Wilcoxon test for paired data. The a-level for each Wilcoxon test was computed as 0.05 divided by the number of performed comparisons in order to maintain an overall a-level of 0.05.
To identify intergroup differences, the differences between data obtained at To and TI,, were compared by Duncan multiple range tests. The differences between the four anesthetic groups and the control group, the differences between the two halogenated groups, and the differences between the two intravenous groups were particularly emphasized.
All values are given as mean * SD. In all tests a 1990;70:60&17 12.1 t 11.5 11.2 t 6.1 9.6 2 4.2 18.1 t 11.1 14.8 t 7.9 NS NS, no significant difference between the groups; period 1, initial fluid resuscitation (T--30-TO); period 2, during administration of the anesthetic agent (To-T12, ); and period 3, after administration of the anesthetic agent (T120-T180). 22.9 f 6.5 28.9 2 8. "P < 0.05 versus before anesthesia (To). DP < 0.05 after anesthesia (TISO) versus during anesthesia 28.1 2 9.1' P value less than 0.05 was considered to be statistically significant.
All statistics were performed using the software package Systat v. 3.0.
Results
In each group, endotoxin administration was associated with severe decreases in arterial pressure and cardiac index together with a significant increase in blood lactate. Initial fluid resuscitation did not significantly influence arterial pressure but restored cardiac index to baseline levels (Figure l) , systemic vascular resistance thus decreasing below baseline. This evolution was similar in all groups. The volume of fluids administered before, during, and after administration of anesthetic agents was similar in all groups ( Table 1) .
Intragroup Analysis
In each group, cardiac filling pressures were maintained at the baseline levels as planned (Tables 2-6 ).
In the control group, heart rate and arterial pressure increased only slightly, but cardiac index rose significantly (Table 2 ).
In the halothane group, heart rate, arterial pressure, and systemic vascular resistance decreased significantly while cardiac index remained unchanged ( Table 3) . When halothane was discontinued, arterial pressure and systemic vascular resistance increased. In the isoflurane group, heart rate and arterial pressure were not significantly altered (Table 4 ). In the alfentanil group, cardiac index increased due to an increase in stroke index despite a reduction in heart rate (Table 5) . Arterial pressure and systemic vascular resistance decreased. In the ketamine group, there was no significant change in arterial pressure, cardiac To, before administration of the anesthetic agent; T,,, 60 min after the beginning of administration of the anesthetic agent; T,,,, 120 min after the beginning of administration of the anesthetic agent; T,,,, 60 min after discontinuation of the anesthetic agent.
"P < 0.05 versus before anesthesia (TJ.
"P < 0.05 after anesthesia (TI,,) versus during anesthesia (T,,,). T,, before administration of the anesthetic agent; T,,, 60 min after the beginning of administration of the anesthetlc agent; T,,,, 120 min after the beginning of administration of the anesthetic agent; and T,,,, 60 min after discontinuation of the anesthetic agent.
"P < 0.05 versus before anesthesia (T,).
"P < 0.05 after anesthesia (T,,,) versus during anesthesia (TI,,). index, and systemic vascular resistance, but heart rate decreased (Table 6) . rane group (Figure 2) . Heart rate decreased with the four agents and especially with halothane and alfentanil: this evolution was significantly different from the control group, where heart rate tended to increase. Arterial pressure and heart rate also decreased more with halothane than with isoflurane. Cardiac index and left ventricular stroke work index increased in the control group and with all anesthetics except halothane. Stroke index increased in the
Intergroup Analysis
Arterial pressure increased in the control and the ketamine groups, decreased in the halothane and alfentanil groups, and was unchanged in the isoflu- Do, (mL*min-'*kg-') 29 .9 t 7.7 31.0 t 7.9 31.7 k 8.2 VO, (mlmin -'*kg I) 7.6 t 1.4 5.5 2 1.0" 6.0 t 1.3" 7.3 +-1.7 0, extraction (%) 26.8 t 9.1 18.5 2 3.7" 19.7 -t 6.1" 22.6 2 5.3 Lactate (mEqiL) 4.9 t 1.4 4.7 t 1.5 4.5 f 1.4 4.1 f 1.3' AI' , arterial pressure; CI, cardiac index; Do,, oxygen delivery index; HR, heart rate; LVSWI, left ventricular stroke work index; PAOP, pulmonary artery balloon occluded pressure; PAP, mean pulmonary artery pressure; RAP, right atrial pressure; Sl, stroke index; Svo,, mixed venous oxygen saturation; SVR, systemic vascular resistance; Vo,, oxygen Consumption index.
To, before administration of the anesthetic agent; T,,, 60 min after the beginning of administration of the anesthetic agent; TI,,, 120 min after the beginning of administration of the anesthetic agent; and TI,,, 60 min after discontinuation of the anesthetic agent.
"P < 0.05 versus before anesthesia (To). bP < 0.05 after anesthesia (Tlso) versus during anesthesia (TIzo).
89.1 f 13.9 five groups and particularly with alfentanil. Systemic vascular resistance decreased in the control group and with all agents except ketamine (Figure 2) .
In the control group the increase in cardiac index was associated with significant increases in Do, and Vo, (Table 2) . Do, tended to increase in all anesthetic groups except with halothane (Figure 3) . In contrast to the control group, there was a dramatic decrease in Vo, in all anesthetic groups.
Blood lactate concentrations tended to decrease in the control and the ketamine groups but increased in the halothane and isoflurane groups (Figure 3) . The increase in bIood lactate was largest in the halothane group. Only during ketamine anesthesia did blood lactate levels decrease, although the change in lactate achieved statistical significance only 30 min after the ketamine infusion was discontinued (Table 6 ).
Discussion
The aim of the present study was to compare the effects of two volatile anesthetic agents, halothane and isoflurane, and two intravenous anesthetic agents, alfentanil and ketamine, on cardiovascular and oxygen-derived parameters, on an endotoxic shock model. The experimental model used has several limitations. First, endotoxic shock might not accurately reproduce human septic shock. However, in contrast to other studies using endotoxin, our model of fluidresuscitated animals does not result in a low-flow state but rather in a low systemic vascular resistance, as is usually observed in patients (2,6). Recent studies in humans have also stressed the importance of endotoxin as an initiating factor in septic shock (26, 27) . Second, the absence of surgical operation removed the indication for administration of anesthetic agents. However, the sympathetic stimulation induced by surgery could modify the effects of anesthetic agents on both oxygen supply and oxygen demand, and we wanted to study the effects of Third, all animals were initially treated with pentobarbital for catheter placement and mechanical ventilation. However, when administered as a single bolus injection, pentobarbital has, in dogs, only sedative effects 60-90 min after its administration (28) . Fourth, our model allows onIy one dose of each anesthetic agent, and the effects of anesthetics are, of course, dose dependent. In particular, the cardiovascular effects of the halogenated agents are dose dependent and enhanced in the presence of myocardial depression and/or arterial hypotension (29) (30) (31) . In this study, the concentration of 0.5 MAC was chosen for halothane and isoflurane because we found it to be associated with a mean arterial pressure greater than 50 mm Hg in this dog model. The schedule for infusion of alfentanil was designed to achieve a plasma level of 100 ng/mL, which is half the plasma concentration necessary during surface surgery (32, 33) . These plasma concentrations, measured by radioimmunoassay in seven dogs, remained constant during the anesthetic period. They are shown in hemorrhage; it was the smallest dose of ketamine necessary to prevent movement in the dog. Thus the doses of each anesthetic agent were moderate, as they might be used during anesthesia in septic shock patients. However, one cannot state that the levels of anesthesia obtained with the volatile and the intravenous agents were absolutely and entirely equal. Of the volatile agents, halothane had the more depressant effects on arterial pressure, cardiac index, and left ventricular stroke work. As these changes occurred in the presence of constant filling pressures, they indicate that left ventricular function was altered with halothane. Cardiac function was better pre- served with isoflurane and these observations are consistent with the results of previous studies (7, 35) .
In the alfentanil group, despite a decrease in heart rate, there was an increase in cardiac index associated with a further decrease in systemic vascular resistance. These effects are consistent with the vasodilating and also the vagomimetic properties of alfentanil With ketamine, hemodynamic function was better maintained than with the other anesthetic agents and was almost comparable to the control group. In particular, neither arterial pressure nor systemic vascular resistance was reduced. These effects could be related to the sympathomimetic actions of ketamine, which are mediated by a direct stimulation of central nervous system structures (37) .
Only a few studies have compared the effects of anesthetic agents during septic shock. Most of them assessed the influence of the anesthetic technique on the natural evolution of the experimental sepsis. Schaefer et al. (38) compared enflurane, isoflurane, pentobarbital, and ketamine during endotoxic shock in rats in an attempt to reproduce the hemodynamic conditions in awake animals. They showed that iso-
flurane had the fewest hemodynamic effects. However, attention was not paid to the balance between Do, and oxygen demand. In endotoxemic pigs, Modig (39) found that mean arterial pressure and oxygen delivery were greater during anesthesia with ketamine than with metomidate (an experimental analogue of etomidate). Moreover, 6-h survival was significantly higher in the ketamine than in the metomidate group. In a porcine model of Pseudomoms aevuginosa septicemia, Worek et al. (40) compared ketamine and pentobarbital anesthesia to the awake state. They found that pentobarbital had profound effects on hemodynamics and survival time. In contrast, ketamine had minimal cardiodepressant effects and did not affect survival time.
We also examined the relations between Do,, Vo,, and oxygen demand. Blood lactate levels were used to assess the relationship between oxygen demand and Do,. When Vo, decreased, an increase in blood lactate levels in the presence of a preserved or even increased Do, suggested that Vo, was reduced beyond 0, demand, so that tissue hypoxia occurred. A potential limitation is that lactate levels can be influenced not only by increased lactate production due to anaerobic metabolism but also by decreased lactate elimination due to circulatory impairment. The anesthetic agents could interfere with lactate metabolism especially by alteration of hepatic blood flow. However, these effects are dose-dependent, so they should be limited with the relatively low dose used (41, 42) .
At the doses used in this study, Vo, decreased significantly and similarly with the four anesthetic agents. Only halothane prevented the increase in Do, observed in the control group. Concurrently, blood lactate levels increased during halothane anesthesia, suggesting a worsening of tissue hypoxia with this agent. During isoflurane anesthesia, cardiac function was better preserved as indicated by cardiac output and left ventricular stroke work index. However, blood lactate levels also increased, suggesting that tissue oxygenation was not better preserved with isoflurane than with halothane. The vasodilating properties of isoflurane (35) might have contributed to an 0, extraction defect. With alfentanil, blood lactate was unaltered, suggesting that hypoxia was not profound despite further vasodilation. Blood lactate levels tended to decrease only during ketamine administration, suggesting a better balance between Do, and Vo,. These results are consistent with the favorable effects of ketamine on survival observed in two previous studies on experimental septic shock (39, 40) .
In the control group the increase in Do, following fluid infusion was associated with an increase in Vo, and also a decrease in blood lactate levels. These results tend to support the concept that, in septic shock, an increase in Do, can be associated with improvement in tissue oxygenation and correction of anaerobic metabolism (5,6). Carroll and Snyder (43) also demonstrated recently in the cynomolgus monkey under ketamine anesthesia that the depressed Vo, due to sepsis can be reversed when Do, is increased.
In conclusion, among the four anesthetic agents tested on this dog model, halothane had the least desirable effects during endotoxic shock; ketamine best preserved cardiovascular function and appeared to have the least deleterious effect on the hypoxic tissues. These data suggest that ketamine could be the anesthetic agent of choice in septic shock.
